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INTRODUCTION
The transonic flutter cascade facility at NASA Glenn Research Center is one of a very few test facilities dedicated to unsteady aerodynamics of oscillating airfoils. The facility combines a transonic linear cascade wind tunnel with a high-speed drive system. The drive system imparts torsional oscillations to the blades at prescribed interblade phase angles and realistic reduced frequencies. Experimental data acquired in this facility serve as benchmark cases for validating unsteady computational fluid dynamic (CFD) codes used to model selfinduced cascade flutter.
Lately the facility has been used to study a modern, low aspect ratio fan blade operating near the stall flutter boundary that occurs at high incidence angles and transonic relative Mach numbers. To accurately represent blades oscillating at an interblade phase angle β, it is necessary to have periodicity over at least blades. Previous measurements on these blades were reported by Buffum, et al. (1996a, b) at Mach numbers between 0.2 and 0.8, and incidence angles of 0 and 10 degrees. Acceptable periodicity was found over three blades, which was sufficient for measurements of the unsteady pressures at an interblade phase angle of degrees. For smaller interblade phase angles, periodicity was needed over more blades. Adjustments to the boundary layer bleed system improved periodicity for some flow conditions, but were not sufficient for all cases of interest.
Comparisons with various CFD predictions have suggested that the flow incidence angle ahead of the blades was between 0.5 and 1.5 degrees less than the geometric incidence angle between the headboards and the blades (Buffum, et al. 1996a, b .)The present work also suggested that the incidence angle might vary across the face of the cascade. Measured downstream pressures were generally inconsistent with CFD predictions.
A combined experimental and numerical study of the facility was carried out to improve the periodicity of the tunnel, and to better quantify the inlet and exit conditions needed for accurate CFD predictions. Part I of this paper describes the facility in detail and describes a variety of experimental data taken in the facility. The data includes blade and endwall static pressure data, upstream boundary layer data, downstream wake data, and flow visualization measurements made using shadowgraphs and pressure sensitive paints.
Part II of the paper describes several CFD calculations used to understand the original behavior of the facility and to devise improvements to the facility. flow conditions. Four configurations of the tunnel sidewalls were analyzed computationally and tested experimentally. It was found that the sidewall configuration had a large impact on the periodicity of the cascade, and that no amount of bleed could correct for poorly configured sidewalls. It was also found that the periodic Navier-Stokes code could be used to determine a sidewall configuration that maximized the periodicity of the cascade.
FACILITY
The transonic flutter cascade facility is shown in figure 1 . It consists of an inlet section, a test section with blades, and an exit section connected to a central air exhaust system. The cascade is bounded by endwalls, which are analogous to the hub and tip of an annular blade row, and sidewalls, which include the headboards, tailboards, and any wall in between. A brief description of the facility is given here for reference, and details are given in Part I of this paper Room air enters the inlet section through a honeycomb in a bellmouth inlet. The headboards upstream of the cascade are adjustable to control the incidence to the cascade. The upstream boundary layers may be bled off through perforations in both the headboards and the endwalls.
The test section has a rectangular cross section 58.6 cm wide by 9.78 cm along the span. Nine blades were located in the test section. The blades were designed and fabricated by Pratt and Whitney. They are similar to a section near the tip of a modern low aspect ratio transonic fan, with an aerodynamic chord of 8.89 cm, a maximum thickness of 4.8 percent chord, a solidity of 1.52, and 60 degrees of stagger. Two blades were instrumented with pressure taps at 15 chordwise locations. Pressure distributions could be measured in most blade passages by moving the instrumented blades to different locations in the cascade.
The blades have constant cross section except near the endwalls where they have large, diamond-shaped fillets. The fillets attach the blades to thick trunnions connected to an external, high-speed drive mechanism that can oscillate the blades at up to 500 Hz. The fillet on the drive-side is larger than the one on the free side. Two blades were instrumented with high frequency response pressure transducers to measure the unsteady response of the oscillating blades. Since the present work concentrated on improving the steady behavior of the cascade, no unsteady measurements will be described here.
The exit section has adjustable tailboards to control the exit flow angle. The tailboards start just ahead of the leading edge of the cascade and can be moved to form scoops that remove the sidewall boundary layers. Downstream of the exit section air is expanded through a diffuser into an exhaust header. The exhaust system is connected to the central air facility at NASA Glenn which maintains a constant exhaust pressure of 30 kPa downstream of a flow control valve.
Three rows of endwall static pressure taps spanned the entire width of the cascade. One row of taps was located 16.5 cm far ahead of the cascade, the second row was located 3.1 cm ahead of the blade leading edges, and the third row was located 8.5 cm downstream of the trailing edges. These three rows of pressure taps were used to assess the periodicity of the cascade flow.
CFD CODES PCSTAGE
The PCSTAGE turbomachinery analysis panel code developed by McFarland (1993 McFarland ( , 1994 ) was used to model the complete tunnel configuration. The code uses an integral equation solution method to solve the two-dimensional, inviscid flow equations for multiple bodies. Compressibility effects are approximated in the solution. The method is most accurate for low Mach number flows, but can be applied to flows where Mach numbers remain less than one.
A simplified problem that simulated the complete tunnel configuration was developed. Ten bodies were used. Nine of the bodies were the fan blades that make up the cascade section of the tunnel. The tenth body was an elongated blade shape that makes up the tunnel sidewalls. The elongated shape was designed such that the left surface models the right wall of the tunnel and right surface of the body models the left wall.
Key features of the experiment were modeled. The location of the walls with respect to the cascade and the slope of the walls were incorporated into the design of the tenth body. Details such as wall bleed slots and boundary layer scoops were not included. A periodic boundary condition was applied to the entire group of ten bodies. The spacing of the periodic boundary was chosen so that the distance between the left and right tunnel walls was matched by the periodic spacing between the left surface of the tenth body and the right surface of the cascaded image of the body. The use of a single body to represent both tunnel walls eliminates problems of matching tunnel mass flow that occurs when two bodies are used.
The problem was set up to make best use of the PCSTAGE solver. Calculations were made at to minimize compressibility effects. Kutta condition constraints were used on each of the ten bodies rather than assigning a circulation to each. This resulted in an iterative solution, but allowed the solution to determine the flow split around each of cascade bodies.
The problem size was moderate. The elongated body was modeled with 98 panels and the cascade blades with 70 panels each. This resulted in a solution matrix of 748 equations with 748 unknowns. The solution of this matrix provides the surface flow conditions at the center of each body panel. The flow conditions were also calculated at 3147 points in the flow field. These field points plus the surface points were combined using the random points feature of the TecPlot© graphics software to produce the contour plots of the flow field. The PCSTAGE calculation took about 4 minutes on an SGI Indigo 2 workstation.
RVCQ3D
The quasi-three-dimensional (Q-3-D) turbomachinery analysis code RVCQ3D developed by Chima (1987 Chima ( , 1995 was also used to analyze the blades. The code solves the thin-layer Navier-Stokes equations in finite-difference form. Blockage effects can be modeled by specifying a stream sheet thickness that can vary with streamwise distance. Turbulence effects were modeled using the Baldwin-Lomax model, including the original transition model. The flow equations were solved using an explicit Runge-Kutta scheme. A spatially varying time step and implicit residual smoothing were used to accelerate convergence.
A C-type grid was used. The grid had 225 points around the blade and 45 points from the blade to mid-pitch, for a total of 10,125 points.
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The spacing at the wall gave at the first grid point. The upstream boundary of the grid was placed at the same location as the near-upstream measurement station used in the experiment, 3.1 cm ahead of the leading edge. The cascade was assumed to be periodic blade-to-blade, so that only one isolated blade was analyzed.
Endwall boundary layer blockage was neglected after early RVCQ3D calculations with 5-10 percent blockage added failed to improve agreement with experimental results. Later three-dimensional calculations also showed that blockage effects were negligible.
Most calculations were run for 1500 iterations, which took about 3.5 minutes on an SGI Indigo 2 workstation. This ensured that exit total pressure was converged to four significant digits.
SWIFT
Three-dimensional viscous analyses of this cascade were run using the multiblock SWIFT code developed by Chima (1996.) A C-type grid was used around the blade, with the same number of points and spacing as used in 2-D. The 3-D grid had 25 points from the endwall to midspan. The experimental blade has large, diamond-shaped fillets at the walls to support the attachment shafts. In the computations the smaller free-side fillet was modeled, and the flow was assumed to be symmetrical about mid-span. An H-type grid was added upstream, giving a total grid size of 295,424 points.
TEST SECTION CONFIGURATIONS
Four different sidewall configurations were investigated in order to improve the periodicity of the cascade. Three of the configurations are shown in figure 2 . The configurations will be referred to by two angles, the headboard angle followed by the tailboard angle, both measured with respect to the horizontal. In each case the blades were positioned at a setting angle of 30 degrees from the horizontal, i.e., staggered 60 degrees.
Original Configuration (20/30)
In the original configuration the headboard was set at 20 degrees, giving a geometric incidence angle of degrees. The tailboard was positioned at the blade setting angle of 30 degrees. This was one of the configurations described by Buffum, et al. (1996a, b.) Figure 3 compares the measured surface pressure distribution at with distributions calculated using RVCQ3D at several incidence angles . Here the pressure coefficient is given by .
The best agreement with the data was for between 8 and 9 degrees, indicating that the cascade was operating at an effective incidence angle that was less than the 10 degree angle between the headboards and the blades. This is consistent with the incidence angle corrections mentioned by Buffum, et al. (1996b.) In the present study, cobra probe measurements of the upstream flow also showed that the incidence angle was about 8.5 degrees with no bleed flow. Adjustments to the sidewall and endwall bleed valves had local effects on the pressure distributions but did not significantly improve the overall uniformity of the flow. All bleed valves were closed in the subsequent work.
The inlet Mach number cannot be specified directly in RVCQ3D. Instead, is specified and the inlet Mach number is computed as part of the solution. The measurements in figure 4a give a nominal static pressure ratio across the cascade, corresponding to for . Using the measured pressure ratio, RVCQ3D gave an inlet Mach number that was much too low. It was necessary to drop the exit pressure ratio to 0.70 to recover the correct inlet Mach number, giving . Figure 5 shows Mach number contours calculated for this configuration using PCSTAGE. Figure 5a shows calculations of the original configuration. The calculations show a large variation in Mach number across the entire face of the cascade. Only three passages near the center of the cascade see the nominal Mach number shown by orange contours. The largest variation in Mach number occurs at the bend in the left sidewall, where the measured pressure was lowest (figure 4a.) Adjustments of the sidewall scoop in this area modified the pressures locally but failed to improve the large variations ahead of the cascade.
There was some speculation that three-dimensional effects due to endwall boundary layers, blade fillets, and the large suction surface separation might be important in this cascade. Limited measurements by Buffum, et al. (1996a, b) showed that surface pressures were nearly uniform along the span, with minor variations at 17.5 percent span. Blade and endwall pressure contours calculated with the SWIFT code at and are shown in figure 6 . Here the flow is separated from the leading edge to about 45 percent chord, but the surface pressures are nearly uniform except near the endwalls. Three-dimensional effects were thus seen to be minimal and were neglected in subsequent work.
Original Configuration with Blades Removed
PCSTAGE calculations of the original configuration showed that the sidewalls were heavily loaded while the blades were lightly loaded, indicating that the sidewalls were doing most of the turning. To verify this observation the tunnel was run with all of the blades removed. The measured pressure distributions in figure 4b and the PCSTAGE calculations in figure 5b are very similar to the corresponding results with the blades in place (4a and 5a.) These results showed that most of the flow variation in the original tunnel configuration was due to the turning of the sidewalls.
First Redesign (21.5/24.5)
To improve the periodicity of the cascade it was thus necessary to match the sidewall turning to that of a perfectly periodic cascade. For the first redesign the sidewall turning angle was chosen to match the turning predicted by RVCQ3D. Calculations were made over a range of Mach numbers for incidence angles of 8 and 10 degrees. The calculated turning angle is plotted versus inlet Mach number in figure 7. For both incidence angles and subsonic speeds the flow on the suction surface
separates at the leading edge and reattaches at about 49 percent chord, as determined from the sign of the axial velocity component one grid point off the blade. Because of the large separation bubble the flow does not turn to the blade setting angle, and the resulting turning is less than the geometric turning of 8 or 10 degrees.
For eight degrees incidence the predicted turning varies from 3.5 degrees at low speeds to 3 degrees at . For a supersonic expansion around the leading edge keeps the flow attached until the supersonic region is terminated by a shock. Thus the separation is reduced and the turning is increased slightly. For the calculations become completely supersonic on the upstream boundary and it is impossible to set the flow angle.
For ten degrees incidence the turning varies continuously from about 5 degrees at low speeds to 4 degrees at . At this higher incidence the flow separates at the leading edge for all Mach numbers.
For the first redesign the headboards were set at 21.5 degrees (8.5 degrees incidence) since CFD calculations had suggested that previous data was effectively at that angle. The tailboards were set at 24.5 degrees (three degrees of turning.) These sideboard angles were expected to approximate the flow turning for a periodic cascade over a wide range of flow speeds. Figure 5c shows Mach number contours calculated for this configuration using PCSTAGE. The orange contour shows fairly uniform flow ahead of six of the of the interior passages. Two minor problems with this configuration are also evident. First, the passage between the left sidewall and first blade converges and could choke. Second, the passage between the right sidewall and last blade diverges and could separate. Figure 4c shows that the measured endwall pressures were considerably more uniform than the original configuration (4a.) The nearupstream pressures were nonuniform at the ends of the cascade, probably because of the two problems noted above.
Experimental results showed that the cascade could no longer reach supersonic conditions in this configuration. A one-dimensional analysis showed that the original configuration had its minimum area or throat in the inlet section. In the first redesign the headboard angle was reduced 1.5 degrees. This moved the throat inside the blade row so that the blade row choked before the upstream flow could become supersonic.
Second Redesign (20/24)
The second redesign was an attempt to minimize interference in the left-most and right-most passages, and to restore supersonic operation of the cascade. Interference was minimized by shaping the sidewalls like a mid-passage streamline. Supersonic operation was restored by returning the headboard angle to 20 degrees.
In the previous designs the sidewalls were spaced one blade pitch from their neighboring blades. With this spacing the sidewalls approximate the stagnation streamline, including the blade surfaces. Since the original sidewalls were straight and met near the leading edge of the cascade (see figure 2), they made a poor approximation of the stagnation streamline. Computed particle traces were used to find a better approximation to a passage streamline.
The blades were analyzed with RVCQ3D at and . Particle traces for that solution (figure 8) showed that the streamlines near the center of a blade passage could be approximated with three line segments: one upstream at the nominal inflow angle, one downstream at the calculated turning angle, and a third within the passage at the blade setting angle. Thus, for the second redesign the headboard angle was returned to 20 degrees to restore supersonic operation, the tailboard angle was set to 24 degrees to match the turning predicted by RVCQ3D for 10 degrees of incidence, and a straight, 30 degree insert was fabricated to connect the two. The sidewalls were spaced one-half pitch from their neighboring blade. Figure 5d shows Mach number contours calculated for this configuration using PCSTAGE. The contours show very uniform flow ahead of the cascade. They also show that the addition of a third wall segment between the leading and trailing edges has nearly eliminated the problems with the passages nearest the walls. Figure 4d shows that the measured endwall pressures were nearly uniform. The static pressure ratio across the cascade is 1.058, corresponding to for . This was exactly the pressure ratio required by RVCQ3D to recover the correct inlet Mach number.
Figures 9a and 9b show calculations made with RVCQ3D at and . Mach contours in figure 9a show that the flow remains entirely subsonic. The suction surface flow separates at the leading edge and reattaches at 49 percent chord. The boundary layer remains very thick even into the wake. Figure 9b compares computed surface pressure coefficients with data measured after the second redesign. The best comparison was found for . Preliminary measurements show that the incidence angle varies between nine and ten degrees.
The calculations agree closely with the measurements on the pressure side. The flat pressure distribution on the suction side from zero to 20 percent chord is characteristic of separated flow and is very sensitive to the turbulence model used. Consequently, this may prove to be an unrealistic operating point for linearized Euler calculations sometimes used for unsteady flutter analysis.
Figures 10a and 10b show calculations made with RVCQ3D at and . Mach contours in figure 10a show that the flow expands around the leading edge to , then decelerates through a normal shock. Wall pressure contours computed with the three-dimensional SWIFT code (figure 6) show a similar shock structure. Figure 10b compares computed surface pressure coefficients with measured data. Here the best comparison was for . Although the flowfield at (figure 10a) is quite different from the flowfield at (figure 9a), the surface pressure distributions (figures 9b and 10b) are similar.
CONCLUDING REMARKS
The transonic flutter cascade facility at NASA Glenn Research Center is a unique facility for measuring unsteady aerodynamics of oscillating turbomachinery blades. Recent measurements in the facility have concentrated on the stall-flutter boundary of a modern fan section at high incidence angles and transonic Mach numbers. Previous unsteady measurements have been limited to 180 degrees interblade phase angle due to poor cascade periodicity. CFD calculations have also revealed inconsistencies between measured flow conditions and the boundary conditions that gave the best agreement with the data.
A combined experimental and numerical study was carried out to improve the periodicity of the facility and to better quantify the boundary conditions for CFD calculations. The experimental part of this work is described in Part I of this paper .) The numerical work is described here.
Calculations were made using three CFD codes. The PCSTAGE panel code was used to analyze the complete test section, including the sidewalls and all nine blades. The RVCQ3D quasi-three-dimensional viscous code was used to analyze the isolated blades. The SWIFT three-dimensional viscous code was used to investigate 3-D effects of fillets, endwall blockage, and separation.
Four configurations of the tunnel sidewalls were analyzed and tested: 1 In the original configuration the headboards were set for 10 degrees geometric incidence and the tailboards were positioned at the setting angle of the blades. Several measurement techniques showed that the flow through the cascade was nonuniform. Data from three arrays of endwall pressure taps parallel to the cascade face gave the quickest indication of flow nonuniformity. PCSTAGE calculations showed that the nonuniformities were caused by the sidewall configuration. RVCQ3D calculations and cobra probe measurements showed that the cascade was operating at a lower effective incidence than expected. SWIFT calculations showed that three-dimensional effects were negligible. 2 The original configuration was also tested and analyzed without the blades. PCSTAGE calculations and the experimental data both showed that the nonuniformities in the flow were due to the turning of the sidewalls and not to the blades. Discrepancies in previous data from the facility were thus due to tunnel wall interference at the high incidence angles of interest for the stall-flutter problem. 3 In the first redesign the headboards were set at the effective incidence angle suggested by CFD calculations. The tailboards were set to the exit angle predicted by RVCQ3D. PCSTAGE predictions and endwall pressure measurements showed considerable improvement in flow uniformity, except near the sidewalls. Experimental results showed that the cascade could no longer reach supersonic speeds in this configuration. A one-dimensional analysis showed that the reduced headboard angle caused the facility to choke in the cascade before supersonic conditions could be reached upstream. 4 In the second redesign the headboards were returned to 10 degrees incidence to restore supersonic operation, and the tailboards were set to the exit angle predicted by RVCQ3D. An insert was fabricated to connect the head and tailboards, and the sideboards were moved laterally one-half pitch to approximate the mid-passage streamlines predicted by RVCQ3D. PCSTAGE calculations and endwall pressure measurements showed nearly uniform conditions across the entire face of the cascade. RVCQ3D calculations showed very good agreement with blade surface pressures and cascade pressure ratios measured in this configuration.
The results showed how a periodic viscous analysis code like RVCQ3D can be used to minimize sidewall interference in any cascade facility. First, calculated blade turning angles can be used to set headboard and tailboard angles. Second, calculated streamlines can be used for sidewall shapes. Sidewalls should probably be located at mid-passage since mid-passage streamlines are smoother than the stagnation streamline and have less influence on the blade loading. Now that acceptable periodicity has been obtained in the NASA transonic flutter cascade facility, future work will concentrate on obtaining unsteady data at several interblade phase angles. The sidewall insert should be sufficient for all Mach numbers of interest, but it will have to be modified for other incidence angles or stagger angles.
Continuous collaboration between the experimental and computational parts of this work proved helpful to everyone involved. The computational results helped to explain the operation of the tunnel, helped to eliminate three-dimensional effects as a potential cause of problems, and guided the placement of the sidewalls. The experimental results have helped to validate steady CFD models, and eventually will help to validate unsteady models for transonic stall-flutter. This publication is available from the NASA Center for AeroSpace Information, (301) 621-0390.
